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A Phylogenetically Based Secondary Structure
for the Yeast Telomerase RNA
direct repeats, and their maintenance is assured by a
specialized ribonucleoparticle (RNP) called telomerase.
Minimally, telomerase contains the catalytic protein
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Groupe ARN/RNA Group component TERT (telomerase reverse transcriptase;
Est2p in yeast [3, 4]) and an associated RNA moietyDepartment of Microbiology and Infectious
Diseases (TER, telomerase RNA; TLC1 in yeast, [5, 6]). The addi-
tion of telomere-specific repeated sequences is tem-Faculty of Medicine
Universite´ de Sherbrooke plated by a small segment residing on this essential
RNA moiety [5, 7]. In addition to this templating function,3001 12th Avenue N.
Sherbrooke, QC J1H 5N4 the TERT/telomerase RNA complex provides constitu-
tive or transient binding sites for a variety of other pro-Canada
teins, some of which are essential for in vivo activity
[4, 8, 9]. For humans, telomerase activation is closely
associated with cellular immortalization and, ultimately,Summary
cancer development, but the clinical importance of telo-
merase extends beyond this role in cancer since severalBackground: Telomerase is a ribonucleoprotein com-
genetic diseases, such as dyskeratosis congenita andplex whose RNA moiety dictates the addition of specific
aplasic anemia, have been associated with mutationssimple sequences onto chromosomes ends. While rele-
in the RNA subunit of telomerase [6]. Therefore, the RNAvant for certain human genetic diseases, the contribu-
component of telomerase may have additional and sotion of the essential telomerase RNA to RNP assembly
far unknown roles in cellular metabolism, which may bestill remains unclear. Phylogenetic analyses of verte-
associated with RNP biogenesis.brate and ciliate telomerase RNAs revealed conserved
In Saccharomyces cerevisiae, the telomerase RNAelements that potentially organize protein subunits for
(TLC1) is about 1200 bases long, transcribed by RNARNP function. In contrast, the yeast telomerase RNA
polymerase II, and maturated through acquisition of acould not be fitted to any known structural model, and
5-trimethylguanosine cap and in association with Smthe limited number of known sequences from Saccharo-
proteins [5, 10, 11]. Previous work based on mutagene-myces species did not permit the prediction of a yeast
sis, deletions, and sequence comparisons between dis-specific conserved structure.
tant yeasts established a few functional elements of thisResults: We cloned and analyzed the complete telo-
RNA: an essential central portion that is associated withmerase RNA loci (TLC1) from all known Saccharomyces
TERT/Est2p [12], a conserved bulged stem that is impor-species belonging to the “sensu stricto” group. Comple-
tant for Est1p association [13], a conserved short stemmentation analyses in S. cerevisiae and end mappings
that serves as template boundary element [14], and aof mature RNAs ensured the relevance of the cloned
stem-loop element that binds the Yku-complex [15, 16].sequences. By using phylogenetic comparative analysis
However, the global structure of the TLC1 RNA remainedcoupled with in vitro enzymatic probing, we derived a
unknown, which hampered the understanding of thesecondary structure prediction of the Saccharomyces
mechanism of the telomerase RNP biogenesis and func-cerevisiae TLC1 RNA. This conserved secondary struc-
tion. Phylogenetic analysis of primary sequences isture prediction includes a central domain that is likely
amongst the most powerful tools to arrive at a workingto orchestrate DNA synthesis and at least two accessory
model for the secondary structure of RNAs [17–19]. Thisdomains important for RNA stability and telomerase re-
approach has been successfully used to establish sec-cruitment. The structure also reveals a potential tertiary
ondary structures of the ciliate and vertebrate telomer-interaction between two loops in the central core.
ase RNAs [20–23]. However, for Saccharomyces spe-Conclusions: The predicted secondary structure of the
cies, the limited availability of sequences derived fromTLC1 RNA of S. cerevisiae reveals a distinct folding
evolutionary closely related species as well as the largepattern featuring well-separated but conserved func-
size of the TLC1 RNA were major obstacles for a similartional elements. The predicted structure now allows for
approach.a detailed and rationally designed study to the structure-
Here, we report the cloning, sequencing, and func-function relationships within the telomerase RNP-com-
tional analysis of the TLC1 genes of all Saccharomycesplex in a genetically tractable system.
species being part of the closely related “sensu stricto”
group [24, 25]. Individual pairwise comparisons of the
Introduction individual sequences to the Saccharomyces cerevisiae
S288C RNA revealed homologies that range between
Telomeres, the terminal portion of the linear eukaryotic 98% and 59%, which allowed reliable sequence align-
chromosomes, are composed of specialized nucleopro- ment and covariation analyses of base pairs in predicted
tein complexes that ensure protection of chromosomal stems. Selected regions in the predicted structure were
DNA [1, 2]. Telomeric DNA comprises specific, short subsequently confirmed by biochemical mapping. The
proposed secondary structure is consistent with the
previously established subelements and reveals a cen-*Correspondence: raymund.wellinger@usherbrooke.ca
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Table 1. Complementation of a TLC1 Disruption in S. Cerevisiae S288C by TLC1 Loci from the “Sensu Stricto” Species
Cells Grown on
Cells Grown on YC-TRP-LEU-URA Cells Grown on FOA YC-TRP-LEU
Generation of Growth 20 40 60 80 100 120, 20a 140, 40a 160, 60a
S. cer. S288C pADCEN36      / / 
S. cer. SK1 pADCEN35      / / 
S. paradoxus pADCEN42      / / 
S. cariocanus pADCEN43       / 
S. mikatae pADCEN44       / 
S. kudriavzevii pADCEN45      / / 
S. bayanus pADCEN46   / 
S. pastorianus pADCEN49      / 
None pADCEN26  / 
a Generations after loss of plasmid.
S. cerevisiae strains (CSHY76) lacking the TLC1 and RAD52 genes and bearing the indicated plasmids (leftmost column) were grown for 100
generations on YC-TRP-LEU-URA medium to determine the ability of the TLC1 homolog-containing vector to complement senescence. Two
independent transformants were selected for each TLC1 homolog. Subsequent growth on 5-FOA medium and on YC-LEU-TRP medium
established plasmid dependence for survival. Plasmid pADCEN36 is used as positive control. Empty plasmid pADCEN26 is used as negative
control. Viability is scored based on colony size after 3 days. Abbreviations: , growth rate similar to that of the positive control; , absence
of growth; , few senescing cells; /, many senescing cells.
tral domain that is likely to associate with TERT/Est2p logs were inserted into pADCEN26, downstream of a
transcription terminator region of the ADH1 gene. Con-to orchestrate DNA synthesis, as well as at least two
accessory domains important for RNA stability and telo- structs containing the various cloned TLC1 loci were
introduced into S. cerevisiae, which lacked its own TLC1merase recruitment. Finally, a comparison of the pro-
posed structure for the yeast RNA with those of the gene as well as the RAD52 gene (Table 1). In this host,
a disruption of both telomerase function by a deletionvertebrate and ciliate RNAs suggests that the central
core element may have a conserved structural organi- of the TLC1 gene and an abolition of the major recombi-
nation pathway by deleting RAD52 leads to progressivezation.
telomere shortening with an incidental loss of viability
after 40–50 generations, called senescence [26]. Clearly,Results and Discussion
except for the locus derived from S. bayanus, the genes
from S. cerevisiae (S288C; positive control, as well asIdentification of New Telomerase RNA Genes
of Saccharomyces Species of the “Sensu SK1) and the candidate genes derived from S. para-
doxus, S. cariocanus, S. mikatae, S. kudriavzevii, andStricto” Group
In order to elucidate the secondary structure of telo- S. pastorianus were able to complement the TLC1 dis-
ruption. Plasmid-loss experiments confirmed that com-merase RNA in Saccharomyces cerevisiae, we identified
strains in which the RNA sequences are close enough to plementation was dependent on the introduced loci
(Table 1). Work from the Lundblad laboratory has shownallow juxtaposition of homologous regions but diverge
sufficiently to allow for covariation rates adequate for that the S. bayanus TLC1 gene, when present on a 2 m
plasmid, can also partially rescue the telomere replica-structural prediction. Based on published sequence
similarities, all species from the Saccharomyces “sensu tion defect of a S. cerevisiae tlc1- strain (A. Chappell
and V. Lundblad, personal communication). The actualstricto” group were selected. These include S. cerevisiae
S288C and its variant S. cerevisiae SK1, S. paradoxus, lengths of telomeric repeat tracts were not at the level
of wild-type for all clones, suggesting incomplete com-S. cariocanus, S. mikatae, S. kudriavzevii, S. bayanus,
and S. pastorianus. The latter, which is thought to be a plementation by some genes. We conclude that the
cloned loci of all species can direct transcription of annatural hybrid between S. cerevisiae and S. bayanus,
was included in order to increase sequence variability, at least partially complementing RNA in S. cerevisiae.
Therefore, the heterologously expressed RNAs must ma-thereby increasing chances of covariation [24, 25]. Pri-
mary sequences of telomerase RNAs are known to diverge ture and fold into a similar structure as one of the host
cells in order to be able to associate with the varioussignificantly, even between closely related species [20,
21], and a direct amplification of the sequences from endogenous S. cerevisiae proteins to form an active
RNP.the selected species proved unsuccessful. However,
protein encoding sequences bordering the TLC1 loci are
more conserved and underlying DNA sequences could be RNA Sizes and the Mature 5- and 3-Ends
In S. cerevisiae, the TLC1 RNA is present in two distinctpredicted more reliably, particularly for stretches of highly
conserved amino acids of the respective proteins [25]. forms: a less-abundant, polyadenylated transcript and a
much more abundant, nonpolyadenylated form of aboutWe took advantage of this fact and the relative compact-
ness of yeast genomes to clone the complete TLC1 1200 nucleotides (nt) [5, 10]. The nonpolyadenylated
species is thought to be the functional RNA present inloci from all the species mentioned above by using this
nearest neighbor-based strategy (see Experimental Pro- the RNP, and its 3-end has been mapped to various
positions after a Sm-protein binding element ([10, 27]cedures in Supplemental Data). The candidate homo-
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As expected, the major 5-ends of the S. paradoxus and
S. cariocanus TLC1 RNAs, the sequences of which are
highly homologous to that of S. cerevisiae in this region,
mapped to the same nucleotide position, indicating a
conserved mature 5-end for these three RNA species
(Figure 1 and data not shown). The determined 5-ends
of the S. mikatae and S. kudriavzevii RNAs are 17 and
Figure 2. Size Estimation of TLC1 RNA Homologs
20 nucleotides upstream with respect to the S. cerevis-
Total RNA isolated from S. cerevisiae S288C (Scec), S. cerevisiae iae 5-end. Curiously, in S. cerevisiae, a minor fraction
SK1 (Scek), S. paradoxus (Spar), S. cariocanus (Scar), S. mikatae
of the TLC1 RNA molecules also has extended 5-ends(Smik), S. kudriavzevii (Skud), and S. bayanus (Sbay) was subjected
(lane 4, Figure 3). It remains to be established whetherto Northern blot analysis by using species-specific probes. TLC1
RNA species in S. cerevisiae S288C and a size marker (M) position these molecules are mature TMG-capped RNAs or po-
are indicated. tential processing intermediates. Inclusion of the extra
nucleotides did not influence the overall folding of the
complete RNA molecule derived from any of the species
and see below). Taking a previously proposed 5-end and for simplicity reasons, they were not incorporated
for the S. cerevisiae RNA and the completely conserved in the structure proposed below. The 3 terminus of
Sm binding site as markers, the aligned sequences de- S. cerevisiae TLC1 RNA was previously shown to be
rived from all species predicted RNA sizes ranging from located downstream the Sm binding site [10, 27]. In
about 1160 nt (S. cerevisiae, S. cariocanus, and S. para- order to compare the 3-ends of S. cerevisiae with those
doxus) to 1220 nt (S. mikatae, S. kudriavzevii, S. bayanus, of other species, we performed 3-end mappings by
and S. pastorianus; Figure 1). In order to establish using RNase protection assays. The RNA probe covered
whether such RNAs are indeed expressed in the various the region from 61 nt upstream to 295 nt downstream
species, we performed Northern blots with RNA derived relative to the S. cerevisiae Sm site. As previously ob-
from all the species listed above (Figure 2). A mix of served by similar RNase protection assays [27], the ma-
species-specific probes revealed the presence of a ma- jor 3-end of the S. cerevisiae TLC1 RNA is located in
jor RNA band in all species and, in some cases, a minor a run of uridine residues, about ten nucleotides down-
band. The estimated sizes for the major bands coincide stream of the Sm site (Figure 1 and data not shown).
well with the predicted sizes derived from the sequenc- However, we also detected minor bands, indicating the
ing efforts. We conclude that the cloned sequences are presence of additional 3-ends about 80 nucleotides
expressed in the particular species as RNAs of the pre- further downstream (data not shown). These positions
dicted sizes, strongly suggesting that we indeed cloned are consistent with previous 3-end determinations us-
the genes encoding the functional TLC1 RNAs of the ing an RT-PCR method [10] and also with the sequences
corresponding species. retrieved originally on cDNA clones [5]. The sequence
In order to properly align the telomerase RNA se- around the Sm site is 100% conserved in all species
quences, we mapped the in vivo 5-ends of the TLC1 analyzed here, such that the alignment of the 3-ends
RNAs by primer extension with total cellular RNA from at this site can be made with high confidence. Therefore,
S. cerevisiae (S288C, SK1), S. paradoxus, S. cariocanus, we aligned the sequences at this major 3-end located
S. mikatae, and S. kudriavzevii (example for S. cerevisiae about ten bases downstream of the Sm binding site for
is shown in Figure 3). Primer extensions were performed the prediction of the conserved TLC1 structure. In order
by using species-specific radiolabeled primers that an- to investigate the impact of the 80 nucleotide exten-
nealed 30–70 nucleotides downstream of the 5 terminus sion downstream of the Sm site, we independently
that was previously proposed for the S. cerevisiae RNA folded the RNAs containing such an extension. This
[5]. Surprisingly, the major band corresponding to the analysis demonstrated that the 3 extension can fold
S. cerevisiae RNA 5-end was mapped to a guanosine into what appears to be an independent, conserved
residue 10 nucleotides downstream of the previously structure by itself but which does not influence or
proposed 5-end (Figure 3). The position of this major change the folding of the global structure reported in
band representing the mature 5-end remained un- Figure 4 (data not shown).
changed, irrelevant of the position of the primer used Taken together, our data establish the mature 5-end
(data not shown). Therefore, we designate this nucleo- of the TLC1 RNA and suggest that a major 3-end is
located about ten nucleotides downstream of the con-tide as the “1” position of the S. cerevisiae TLC1 RNA.
Figure 1. Sequence Alignment and Consensus of Telomerase RNA Sequences of the Saccharomyces “Sensu Stricto” Complex
The sequences of telomerase RNAs from S. cerevisiae S288C (Scec), S. cerevisiae SK1 (Scek), S. paradoxus (Spar), S. cariocanus (Scar),
S. mikatae (Smik), S. kudriavzevii (Skud), S. bayanus (Sbay) and S. pastorianus (Spas) were aligned as described in the text. Dashes (-) denote
gaps introduced within the alignment. The major transcription initiation site determined in Scec is indicated by 1. The numbering, marked
with underscores every tenth nucleotide above the alignment, is according to the telomerase RNA sequence from Scec. The RNAs terminate
10 nucleotides downstream of the Sm site, and the total number of nucleotides for the individual RNAs is indicated at the end of the
respective sequence. In the consensus sequence (line: Cons), invariant residues for all species are denoted by uppercase letters; lowercase
letters indicate nucleotides conserved among 85% of the species; dots represent variable nucleotides. Nucleotides determining complementary
strands of proposed helices (line: Helices) are delineated with brackets enclosing the respective helix identification as well as forward or
backward arrowheads denoting 5 or 3 strands, respectively. The consensus sequences of the template region and the Sm motif are underlined
and labeled.
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served Sm site. These anchor points allowed a robust
sequence alignment of all RNAs and formed the basis
for the structure prediction.
Establishment of a Secondary-Structure Model
Based on Phylogenetic Analysis
In order to derive a secondary structure for the yeast
telomerase RNA, we followed an iterative procedure
consisting of sequence alignment, a computer-aided
folding that predicts thermodynamically stable helices,
and covariation searches (see Experimental Proce-
dures). The overall similarities between the various RNAs
and that of S. cerevisiae S288C ranged in between 59%
(S. pastorianus) and 98% (S. cerevisiae SK1), which is
within the optimal range for performing phylogenetic
comparative analyses (Figure 1 and Table S1). We note
that this primary sequence divergence of the TLC1 RNAs
of the species in the “sensu stricto” group is comparable
to existing data on these species [24, 25]. Thus, the
TLC1 sequences determined here are consistent with
the notion that S. cerevisiae is about equidistant to
S. bayanus and S. pastorianus. While this work was in
progress, whole genome sequences of two distantly
related “sensu lato” yeasts became available (S. kluyveri
and S. castellii [25]). In order to determine the extent of
homology between the “sensu stricto” and “sensu lato”
telomerase RNA sequences, we searched for homologs
in these genomes by using conserved sequence ele-
ments described above, including the predicted tem-
plate sequences. We were able to identify a potential
sequence for the S. castellii TLC1 RNA, but due to the
increased primary sequence divergence, a reliable se-
quence alignment for the complete RNA was not possi-
ble (data not shown). In addition, chromosomal synteny
in the region of TLC1 is not maintained between the
“sensu stricto” and “sensu lato” species, and therefore,
a cloning approach using the nearest-neighbor was not
feasible for the other “sensu lato” species. This suggests
that attempts to enhance the confidence of phylogenetic
analyses on the predicted secondary structure of the
TLC1 RNA for Saccharomyces species will require the
identification of sequences in new “sensu stricto” vari-
ants or species or in depth biochemical mappings.
The overall predicted structure of the RNA comprises
seven major helical domains organized around a central,
multibranched loop (Figures 4 and 5) (designated helices
I through VII). Helices I–VI emerge directly from the cen-
tral loop, while domain VII is linked to domain I by a
short, single-stranded region. The 5- and 3-ends of
the RNAs are predicted to be in close vicinity, which is
typical for noncoding yeast RNAs [28]. Helical segments
within a domain can be considered very likely to existFigure 3. The Major 5-End of the TLC1 RNA in S. cerevisiae
if covariation is found for two or more base pairs withinOligonucleotide PXCER23 complementary to nucleotides 23–39 was
the given helix [17, 18]. Based on these criteria, theused for primer extension analysis of telomerase RNA of S. cerevis-
iae S288C strains containing a wild-type TLC1 gene (lane 4) or existence of 10 of the predicted 15 helices is well sup-
harboring a deletion of the TLC1 gene (lane 3). For the sequencing ported by covariation analysis (Table 2). Helix I is unusu-
reactions, the cloned TLC1 gene was used as template. The solid ally long and unlikely to be organized in a linear fashion
arrow denotes the major 5-end. Open arrows denote TLC1 RNA as drawn out here. Upon inspection of the sequences
species with additional 5 extensions. Reactions were also per-
involved in the formation of this helix, we noticedformed without RNA (lane 1) or in the presence of an in vitro gener-
stretches with highly differing degrees of either primaryated TLC1 transcript starting 122 nucleotides upstream the major
in vivo 5-end (lane 2). sequence conservation or occurrence of covariations
(Figure 4). As a first approximation, we divided helix I
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Figure 4. Minimum Consensus Structure of Telomerase RNA in Species of the Saccharomyces “Sensu Stricto” Complex
The conserved core incorporates only consensus nucleotides that were identifiable in all the molecules inspected. Symbols used are defined
in the key in the lower left. The template region and the Sm motif are labeled, and their consensus nucleotides are bracketed. Simplified
drawings corresponding to structures for S. cerevisiae, S. paradoxus, and S. bayanus indicating certain species-specific differences are
outlined in the lower right. Letters A, B, C on stem I indicate a possible subdivision of stem I (see text).
into three segments (Figure 5): the sequences making up contains 13 covarying base pairs (bp) over the stretch
of 43 bp (for S. cerevisiae; Figures 4 and 5). Therefore,segment A are highly conserved, predicting a conserved
function. Segment C is less conserved but does not the helical nature of segment B is extremely well sup-
ported by the covariation analysis. In our model, weinclude significant instances of covariation. In contrast,
segment B is made up of many variable nucleotides and retain segments A and C as helices only because we
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Figure 5. Secondary-Structure Model of Telomerase RNA of S. cerevisiae Based on Phylogenetic Comparison and RNase H Probing
(A) The secondary-structure model was established by comparative phylogenetic analyses in conjunction with RNase H probing data. Symbols
used are defined in the key in the lower left. Helical domains are numbered from 5 to 3 in their order of occurrence as I to VII. The consensus
nucleotides for the template region and the Sm motif are bracketed. Positions are referred to by nucleotide positions, using 1 as defined
in Figure 3. Sites targeted by complementary DNA oligonucleotides in RNase H experiments are indicated with an arrow.
(B) In vitro susceptibility of TLC1 RNA to oligonucleotide/RNase H cleavage. The synthetic TLC1 RNA transcript was submitted to RNase H
treatment in denaturing conditions (D) or after renaturation (R), and the cleavage products were fractionated on a RNA 6000 Nano LabChip.
Typical examples of TLC1 RNA probings are shown in the gel-like image. The input (lane 1) represents 1.4 pmol of TLC1 RNA mock treated
in the absence of any oligonucleotide. Probe RH459 (lanes 2 and 3), which is complementary to the single-stranded template region, is used
as positive control (60% cleavage in renatured conditions). Probe RH133 (lanes 4 and 5), which targets the template boundary element, a
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Table 2. Base Pairings in the TLC1 RNA Secondary-Structure Model
Paired Regions Number of Base-Pair
Number of Base-Pair Number of Base-Pair Positions with G/C to
Length Positions Displaying Positions 100% G/U or A/U to G/U
Helix Numbera Nucleotide Positionsb (bp) Covariationc Conserved Changes
I 7–126/805–909 86 16 (19%) 20 (23%) 16 (19%)
IIa 132–176/409–456 32 5 (16%) 10 (31%) 11 (34%)
IIb 185–210/214–241 22 3 (13%) 2 (9%) 4 (18%)
IIb_1d 252–256/404–408 5 0 0 0
IIc 263–297/305–334 27 6 (22%) 8 (30%) 5 (18%)
IId 337–346/351–359 7 3 (43%) 0 1 (14%)
IId_1e 366–381/386–400 10 0 0 0
III 484–489/495–500 6 0 3 (50%) 4 (67%)
IVa 504–543/666–704 30 7 (23%) 1 (3%) 8 (27%)
IVb 554–567/574–587 13 0 7 (54%) 3 (23%)
IVc 589–621/625–660 26 6 (23%) 12 (46%) 5 (19%)
V 707–714/731–738 8 2 (25%) 1 (12%) 5 (63%)
VI 741–757/780–802 17 0 12 (71%) 1 (6%)
VIIa 912–976/1077–1133 42 5 (12%) 7 (17%) 5 (12%)
VIIb 977–1000/1005–1027 19 4 (21%) 6 (32%) 3 (16%)
VIIc 1028–1036/1041–1049 8 0 2 (25%) 1 (13%)
VIId 1056–1062/1069–1075 6 1 (17%) 1 (17%) 4 (67%)
Pseudoknot I 715–722/761–768 8 0 5 (63%) 2 (25%)
a Helix numbers are from Figures 1 and 5.
b Positions refer to 1 as defined in Figures 1 and 3.
c For details of covariation determination see Experimental Procedures.
d This helix is not present in S. pastorianus.
e This helix is not present in S. paradoxus and S. cariocanus.
could not obtain evidence supporting an alternative be single-stranded in vivo [19]. As negative control, we
directed an oligonucleotide to helical region IIa, a shortstructure. Three of the nonsupported helices (stems III,
IVb, and VI) include sequences that are highly conserved template-proximal stem that is involved in a template
boundary function [14]. As predicted, the template re-(50% complete sequence conservation, see Figure 4).
This very high conservation may suggest a conserved gion of TLC1 RNA was fully accessible to oligonucleo-
tide hybridization and RNase H cleavage, even afterfunction, but in the absence of covariation, it cannot be
distinguished whether the function is supported by the RNA renaturation (oligo RH459, Figure 5). In contrast,
helix IIa was only appreciably cleaved when the RNApredicted structure, a different structure, or a primary
sequence. Other unsupported stems include VIIc and was denatured (oligo RH133, Figure 5). The clean cleav-
age patterns observed with these limited control sitesVIId, which reside in close proximity to each other, and
their structure, thus, at this point, also remained unclear also suggested that the in vitro RNA folding produces
a fairly homogeneous RNA structure. Complementary(Figures 4 and 5).
In order to clarify some of these uncertainties and to oligonucleotides targeting other specific regions of the
RNA were thus used in subsequent RNase H experi-directly test the capacity of the RNA to fold in vitro, we
probed in vitro transcribed TLC1 RNA of S. cerevisiae ments as outlined on the predicted structure in Figure
5 (cleavage patterns at selected sites are shown in Fig-S288C for RNase H accessibility by using specific DNA
oligonucleotides targeting selected regions on the RNA. ure 5B, and data not shown). Since the RNase H accessi-
bility experiments were performed on in vitro transcribedThe premise of this approach is that single-stranded
regions will be accessible to binding by oligonucleotide and folded RNA, they do not necessarily provide direct
indications for the presence or the absence of a givenprobes, leading to RNase H-dependent cleavage, while
helical regions will not. We first probed two regions of structure by themselves. However, in the context of the
predicted structure that is supported by phylogeneticalmost certain structure to evaluate the fidelity of the
approach and to establish controls for the quality of the analyses, such experiments can lend strong support for
the proposed structure. More importantly, a disagree-RNase H cleavage reaction. The template region was
chosen as a positive control for cleavage. This region ment between the biochemical and phylogenetic data
flags problematic regions that need to be analyzedis likely to be single-stranded as it must be accessible
for the association with telomeric DNA, and for other further.
In our prediction of the secondary structure of thetelomerase RNAs, the region was previously shown to
previously characterized helical structure, is used as negative control (10% cleavage in renatured conditions). RH717 (lane 6) and RH761
(lane 8) are directed to interacting loops of the putative pseudoknot I and produce little-to-moderate cleavage. Probe RH740 (lane 7) does
not mediate cleavage in the predicted, but not phylogenetically supported, stem of helix VI. RNA size markers (M) are indicated on the left.
Closed triangle, unreacted input RNA (1159 nt). Open triangle, RNA loading control. Note that lane 4 is slightly overexposed. For precise
positions of all oligonucleotides used in the RNase H experiments, see Table S3.
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S. cerevisiae TLC1 RNA, there is an almost perfect corre- in vivo (Est2p, Est1p, and perhaps others). It would also
include a potential pseudoknot and a template boundarylation between sequences predicted to be in helices by
element (proximal part of stem IIa, [14]). A second regioncovariation and relative inaccessibility of such strands
involves stems IIa–IId. The distal end of this domain hasto RNase H mapping. Interestingly, all helices that were
been shown to be associated with the yeast Ku proteins,established by previous genetic experiments are indeed
and a terminal deletion of stem IIc is tolerated but pro-helices by our analyses. Such areas include a conserved
duces short telomeres [16]. Clearly, there is variabilitybulged stem (IVc), the structure of which has been
around the stems IIb and IId, with some yeast speciesshown to be important for association of an essential
probably having additional stems (IIb_1 and IId_1, seefactor for in vivo telomerase activity (Est1p, [13]). Resis-
insets Figure 4). The complete area that includes stemstance of the conserved stem IIa, a boundary element
IIc, IId, and IId_1 was deleted from the S. cerevisiaefor telomerase-mediated reverse transcription [14, 29],
molecule, and in a separate experiment, stem IIb wasis discussed above. The analyses here also show covari-
also removed. For both cases, the remaining moleculesation and RNase H support for the predicted stem IIc.
complemented a TLC1 deletion (data not shown). Thus,Previous analyses of this area strongly suggested a he-
as proposed previously, the distal areas of stems IIb-dlix, and this stem was later shown to be important for
are nonessential but could function as a recruitmentKu protein binding and telomerase recruitment [15, 16].
domain via the Ku proteins [15]. The third region (stemsThe predicted terminal loop on stem VIId is clearly
VIIa–VIIc and the single-stranded 3-end) is separatedaccessible to the mapping, while adjacent stems VIIb
from the first area by quite a large domain (stem I), whichand VIIa are not (RH1059, RH1009, and RH980, Figure
probably has functional subelements. From deletion5). Thus, while our data do not prove the precise organi-
studies, there is evidence that this third area is alsozation of the region around stems VIIb–VIId, they are
nonessential [12]. However, a region in the telomeraseconsistent with the organization presented.
RNA of K. lactis and which could be analogous to stemsA special case was found to be present on the terminal
VII appears essential for K. lactis telomerase functionloops of stems V and VI (locations RH717, RH740,
[32]. Finally, the distal most 3-end region, which in-RH761, and RH765, Figure 5A). These loops are pre-
cludes the Sm binding site, clearly influences the stabil-
dicted to be single-stranded, but clearly, the left sides
ity of the RNA [11]. In addition, the existence of RNAs
of both loops are relatively inaccessible to RNase H
with extensions of up to 80 nt downstream of the major
probing (Figure 5B). At least for the loop of stem VI, this 3-end near the Sm site suggests additional, and as yet
inaccessibility is unlikely due to a general occlusion of unknown, processing events. It remains to be deter-
the site for oligonucleotide or enzyme access, since an mined whether the rest of area three also contributes
oligonucleotide targeting the right side of loop VI directs to RNA stability or whether this region is involved in
quite efficient RNase H-mediated cleavage (oligo RH765, other aspects of RNP function. For example, the mature
Figure 5B). Upon further inspection of the sequences in yeast RNP is thought to function as a dimer [33], but
these loops, we noted an almost perfect complementar- the region(s) on the TLC1 RNA contributing to this multi-
ity between sequences overlapping those targeted by merization are unknown.
RH717 and RH761. In addition, this complementarity is At least certain parts of the structural elements of the
highly conserved in the TLC1 sequences from all species yeast telomerase RNA could be nonessential [12, 32].
analyzed here (see Figures 1 and 4). It is therefore tempt- Precedence for an addition of large, yeast-specific, and
ing to speculate that these loops interact with each other nonessential sequences to otherwise conserved non-
to form a tertiary interaction. Intriguingly, this pseu- coding RNAs is also provided by the spliceosomal U1
doknot structure would lie in an area that was previously and U2 snRNAs [34–37]. Much of the yeast U1 and U2
shown to interact with the catalytic subunit of the yeast snRNA sequences are dispensable for function, and ho-
telomerase (Est2p, [12]). A pseudoknotted structure in mologous sequences are absent from the vertebrate
the vicinity of the predicted catalytic center comprising snRNAs. However, an important functional domain of
the template region is also a conserved element for the yeast U1 snRNA folds into a structure that is highly
similar to that of the vertebrate RNA [34, 36]. Given thevertebrate and ciliate telomerase RNAs [20, 23, 30]. Fur-
detailed structural organization of the yeast telomerasethermore, a similar pseudoknot at a presumably analo-
RNA presented here, it will be interesting to determinegous position was found to be an essential element for
whether a much smaller functional RNA with conservedthe function of K. lactis telomerase RNA [31]. Given that
structural domains can be derived.the yeast Est2p protein clearly has recognizable similari-
ties to catalytic subunits of telomerases in other organ-
Conclusionsisms [3], it would make sense that the associated RNAs
We present a detailed working secondary-structurewould also display similarities. Thus, our structure is
model for the large S. cerevisiae telomerase RNA. Thealso consistent with the presence of a tertiary RNA inter-
structure suggests subelements with functional similari-action forming a pseudoknot in the area of TERT/Est2p
ties to the vertebrate and ciliate RNAs, as well as yeast-interaction. In the Saccharomyces RNAs, this pseu-
specific elements. The prediction now allows for a de-doknot could be formed by an interaction of the terminal
tailed molecular genetic and biochemical analysis of theloops of stems V and VI.
telomerase RNP in a genetically tractable system.Overall, the predicted structure could be divided into
at least three functional regions. The first region is the
Experimental Procedures
central core, which may include the template region
and stems III, IVa–IVc, V, and VI. This element would Yeast manipulations, analyses of nucleic acids, and PCR conditions
for isolating TLC1 homologs from the various yeast species usedassociate with the core proteins for enzymatic activity
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standard procedures (see Supplemental Data for a detailed de- Received: April 23, 2004
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